The study aimed to increase understanding of digestive function from the development of the digestive tract from suckling to maturity in rabbits. The relative weights of the digestive tract (in relation to body weight) in different segments increase linearly during the rapid growth period between 2 and 8 weeks of age; thereafter intestinal weight gain is slower. An underdeveloped mucosal histology was observed in the hindgut of suckling rabbits at 2 weeks compared with 4 weeks of age. From SEM micrographs, the small intestinal mucosal villi look more slender and finger-like in the suckling period, thereafter becoming broader or tongue-like or plate-shaped in mature rabbits. The micrographs showed a compact arrangement in the underdeveloped hindgut mucosa at 2 weeks, but after weaning as hindgut fermentation becomes significant the mucosa increased in surface area.
In monogastric animals dietary fibre levels and sources affect the morphology of the intestinal mucosa e.g. villous height, crypt depth, and number of the goblet cells. These changes indirectly influence growth (Paulini et al. 1987 , Gordon et ai. 1983 suggest that dietary fibre may affect the proliferation of intestinal cells. Sigleo et al. (1984) also showed the effect on intestinal morphology of high dietary fibre consumption for an extended period as well as various environmental factors. Hampson and Kidder (1986) showed that an inadequate nutrient uptake changed the villous architecture, and decreased some digestive enzyme activities in post-weaning piglets which may lead to a decrease in transport of amino acids by mucosal cells (Smith 1984) . In a study on weaning piglets, Kelly et al. (1991al showed a relationship between nutrient intake and development of the intestinal tract, as well as
Correspondence to: Peter W. S. Chiou, Department of Animal Science, National Chung-Hsing University, 250 KuoKuang Road, Taichung, Taiwan, ROC. Tel: 886-4-2870613, Fax: 886-4-2860265 Accepted 25 March 1996 secretion of substrate-induced enzymes in the brush border. When weaning piglets were fed grain, they found lactase activity in the upper part of the villi was decreased, the rate of the crypt cell production increased, with the cells becoming fatter as villous height shortened. When the substrate increased, maltase and glucoamylase in the mucosa of the piglets were induced. In both broilers and Leghorn chickens, Yamauchi and Isshiki (1991) showed that a significantly different pattern of development was found in villi at different growing stages between hatching and 30 days of age. Although the ability of the rabbit to digest dietary fibre is lower than many other domesticated animals [Maynard et al. 1979) , NRC (1977) still recommends a high fibre diet (10-12%1 to meet rabbits' nutritional requirements from weaning (4 weeks old) to maturity (16 weeks old). Information on the physiological effect of dietary fibre on the development of intestinal mucosa is poor and this study is aimed to understand better the development of the digestive tract during the growing period.
Materials and methods
Four Californian male rabbits were kept on a commercial diet (Table 1) and killed at 2,4, 8 and 16 weeks of age. All rabbits were individually weighed and killed one hour after fasting. Different segments of the digestive tracts were removed and the weight and length of each segment was measured. The gut segments were cut open along their length, rinsed with saline, excess fat removed and excess fluid removed using dry tissue paper. The duodenum was taken as the upper fifth of the small intestine, the jejunum as the next three-fifths, and the ileum as the last fifth. For morphological analysis 5 cm lengths of intestine were taken from each area. These samples were first rinsed with 0.1 M phosphate-buffered saline (PBS)a.t pH 7.2 and then cross-sectional lengths of 1cm were placed into 10% buffered neutral formaldehyde solution (pH 7.2-7.4). All samples were gradually dehydrated through increasing concentrations of ethyl alcohol (50-100%) and then embedded in paraffin, sectioned at 6 11m and stained with hematoxylin and eosin (H & El. Intestinal histology was measured according to Hampson and Kidder (1986) .The villous 255 height was the mean of 25 intact villous measurements, height being measured from crypt bottom to the villous tip. Crypt depth was the average of 30 measurements which measured length from the bottom of the crypt to the mucosa. Muscle layer thickness was calculated by averaging the thickness of the longitudinal and circular muscle layer at 20 locations. The mucosal depths of caecum and colon were averaged from 25 replicates measuring length from the muscularis mucosa to the tip of the mucosa. Samples were prepared for scanning electron microscopy (SEM)according to the method of Paulini et al. (1987) modified by Moore et al.(1988) . All gut samples were fixed in 10% buffered neutral formaldehyde, and then rinsed in PBS (3 x 10min) and placed in 1% osmium tetroxide overnight. They were rinsed again in PBS (4 x 15min). The samples were gradually dehydrated by increasing alcohol concentrations: 50, 60,70,90 and 95% (10 to 15min). The concentration was then increased to 100% \3 x). They were then dried, mounted on aluminium stubs and coated with gold for 30 min, and placed in the SEM (Bausch & Lomb Ltd, Nonolab 2100) for scanning. All data were analysed by use of the general linear models procedure of statistical analysis system (SAS, 1985)using Duncan's multiple range test. 
Results
The weights of gut segments at various ages are given in Table 2 and include mean body weight and the relative weights to body weight of stomach, small intestine, caecum and colon-rectum. The relative weight of the intestinal segments increased linearly during the rapid growth period of up to 8 weeks of age, but then declined in contrast to the rapid body weight gain after 8 weeks. The relative weight gains of caecum and colon increased rapidly between 2 and 4 weeks of age, which may be due to the shift from a liquid to a solid diet (rabbits were dependent on a commercial diet after weaning at 4 weeks of age).
From the microscopic studies, the morphology of the duodenum, jejunum and ileum did not show any distinct differences, with Brunner's glands (that secrete mucinoid alkaline solution to neutralize gastric juice) being evenly distributed in duodenal segments. At 2 and 4 weeks the mucosal morphology at different ages (Table 3) showed the longest villi in the ileum, the shortest crypt depth in the jejunum, and the thickest muscular layer in the duodenum. The villi in the various intestinal regions grew significantly longer as the animal grew from 2 to 8 weeks of age, but little growth after 8 weeks. The villous growth correlates well with the various stages of growth, and with the increase in relative weight of the intestinal tract (Table 21 .Conversely the thickness of the muscle layer showed a different trend in both duodenum and ileum, becoming thinner as the rabbit grew. The effects of age on hindgut mucosal morphology is presented in Table 4 . Hindgut includes caecum and colon and is usually a major site of fermentation in herbivorous animals like the rabbit. The relative weights and the morphological characteristics in the hindgut changed significantly between suckling and weaning stages but stabilized after 4 weeks ( Table 2 ). The micrographs of the caecum and ascending colon at 2 weeks and 8 weeks (Figs land 2, respectively) showed marked differences in mucosal histology between the two ages. An underdeveloped mucosa Caecum 129±10 was found in the hindgut of rabbits at 2 compared with 8 weeks of age (Table 4) . The same trend for mucosal depth was observed with a well-developed mucosa being reached maximally at 8 weeks. Conversely, the thickness of the muscle layer in the caecum decreased with age. The micrographs of duodenum, jejunum and ileum at 2, 4, 8 and 16 weeks (Figs 3, 4 and 5, respectively) show that age did not influence the villous features within the same intestinallocationi villi were more slender and finger-like in the suckling period (2 weeks) and became broader and tongue-like or plate-shaped in mature rabbits (16 weeks). In comparing the villous shapes in the three segments of the small intestine, the duodenum showed broader villi than the jejunum or ileum} and the villi were more narrow and tongue-shaped in the tip of the jejunum and ileum.
The mucin secreting goblet cells were evenly distributed along the surface of the villi. The caecal and colonic SE micrographs at various ages (Figs 6 and 7, respectively) showed marked morphological differences in the different segments. Both showed overlapping folds of villi, with an intact layer of epithelial cells covering the mucosa with goblet cells. A compact arrangement of villi was seen at 2 weeks but as hindgut fermentation became significant (as rabbits ingested more high fibrous diet) so the mucosa developed a three-dimensional arrangement (thus increasing the surface area of the intestinal tract).
Discussion
Brunner's glands are evenly distributed in the duodenal mucosa of rabbits and also distributed in the upper two-thirds of the duodenum in humans and small ruminants. It is, however, only found in a small section of the duodenum in the dog (Cooke 1967) . The long ileal villi in rabbits is different from other animals (which may be attributed to the diet) e.g. in pigs the villi show a uniform height along the whole small intestine (Kelly et ai. 1991a) whereas in African Green Monkeys, Paulini et al. (1987) showed the villi became gradually shorter towards the ileum. In poultry, Yamauchi and Isshiki (1991) found an effect of feed intake on digestive function and intestinal morphology: broader villi were found in broilers that consumed more feed than layers. On the other hand, increasing dietary fibre in the post-weaning rabbit significantly increased feed intake (Cheek & Patton 1980) , increased weight, and changed the morphology significantly after the rabbit had become mature and had a more stable feed intake than growing animals. Therefore, mucosal morphology may be related to digestive physiology. Kelly et al. (1991b) pointed out that in swine, more brush border enzymes (especially maltase and glucosamylase) were found in the longer villi. The villi are shorter in rabbits than pigs (Kelly et al. 1991b ) which may be due to the high fibre content of rabbit diets. This was also true in pigs fed an increased amount of dietary fibre which had shorter villi (Kelly et al. 1991a )· Crypt depth changed significantly as the rabbits grew, increasing up to 8 weeks and then declined at 16 weeks. Gordon et al. (1983) associated deeper crypts with an increase in the proliferation and rate of upward migration of epithelial cells. This was coincidental with incomplete DNA synthesis and resulted in irregular features of the villi. These immature epithelial cells may be associated with a decrease in digestion and absorption. Rabbits increasingly ingest large amounts of dietary fibre after weaning at around 4 weeks of age. Increasing feed intake will increase hindgut fermentation and activate microbial metabolism which may stimulate the development of the caecal and colonic weights ( Table 2) . As there are no significant differences in mucosal depth between 8 and 16 weeks, it is assumed that the mucosa increases in depth as the rabbits grow and reach maturity at 8 weeks. The development in the hindgut follows the small intestine, which also reaches maturity at 8 weeks.
Both the caecal and colonic mucosa showed folding and a compact arrangement at 2 weeks (Figs 1a and 2a) . After 4 weeks, the mucosal folds disappear and the muscle layer becomes thinner which may be attributed to the increased intake of high dietary fibre causing distension in all segments of the intestine.
The intestinal mucosa in domestic rabbits, pigs (Moore et al. 1988 ) and monkeys (Paulini et al. 1987) all showed a similar villous morphology. The villi in the lower small intestine are narrower than in the upper tract, but there were marked differences in mucosal villi between suckling, weaned and mature rabbits. In suckling rabbits the villi were slender finger-like with round tips, broadening to the well-developed villi found in older rabbits. It appears then, that the mucosa starts to develop after weaning and reaches maturity at 8 weeks of age. These features are similar to day-old and lO-day-old chicks (Yamauchi &. Isshiki 1991j. Although Moore et al. 11988) suggested that villous morphology does not reflect the status of health and sound nutrition, Ecknauer et al. (1988) regarded large villi and increased internal surface area as features that will increase the surface area for absorption. Villi that are folded and packed, present smaller surface areas for contacting the digesta, and so lead to inefficient absorption. Although dietary composition may affect villous morphology and its arrangement (Chiou et al. 1994, Schiebel &. Mehta 19851 ,it also depends on species and genetic strain (Moore et al. 1988 , Knehans &. O'Dell 1980 . Some sources of dietary fibre i.e. pectin and cellulose, in rabbits, rats and guineapigs will cause the villi to become blunted and compact. This is not seen in swine. From our rabbit work (Yu &. Chiou 1995) we found no adverse effects of high dietary fibre (10%) diet on villous morphology, as animals showed well-developed villi adapting to the high fibre diet. Alternatively, an increased rate of passage of digestion through the intestine may also minimize villous damage. 
